Abstract In this review, we briefly summarize muscle fiber types and mechanisms that regulate their expression from nutritional stimulus. To begin with, we introduce genes and their location on myosin heavy chains (MyHC). Next, we show three major transcriptional controls for MyHCs as (1) calcium signaling, (2) AMPK signaling, and (3) miRNA/anti-sense RNA regulations. Following this, we summarize possible nutrients that effect muscle fiber type transformation. The possible contributors are caloric restriction, polyphenols, and high-fat and high-protein diets. We think that nutritional intervention will be a useful way to control muscle fiber type switching. This approach could be adopted by athletes as a means to condition their muscles.
Introduction
Skeletal muscle is a highly adaptive tissue. Depending on external stress, skeletal muscle changes its volume, and metabolic and contractile characteristics. Nutrition is an important external stimulus, and the relationship between nutrition and muscle protein metabolism and/or muscle volume has been examined at the molecular level. For example, leucine, a branched chain amino acid, activates the mammalian target of rapamycin (mTOR) cascade to increase protein synthesis [1] [2] [3] . The basic idea is to link nutritional stimuli with key molecules for protein metabolism. Although the relationships between muscle fiber type and nutrition have not been as thoroughly characterized as for leucine, the regulatory molecular pathways for muscle fiber types have been discovered [4] [5] [6] . Furthermore, the activities of several key molecules for muscle fiber types, such as peroxisome proliferator-activated receptors (PPARs), peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and AMPK, have reportedly been affected by nutrition-related factors, such as lipid 7) , polyphenols 8) , a high-protein diet 9) and calorie restriction 10) . In an analogy with muscular protein metabolism, it is important to get an overview of relationships between nutrition and signaling molecules for muscle fiber types, as done by Matsakas and Patel 11, 12) . We begin this review by defining muscle fiber types and briefly describing the mechanisms that regulate their expressions. Next, we discuss possible direct and indirect interactions between nutrient and regulatory molecules for fiber type. We finally discuss the possibility of controlling muscle fiber types by varying the composition of dietary nutrients.
Muscle fiber and myosin heavy chain
Skeletal muscle tissue is a mixture of heterogeneous muscle fibers. The major muscle fibers in mammalian skeletal muscles can be roughly classified into slow and fast-twitch fibers. The fibers are further divided into type 1, type 2A, type 2X, and type 2B in limb and trunk muscles. In humans, type 2B fibers constitute a minor fiber type. Muscles other than the limb and trunk, such as jaw and ocular muscles, contain specialized muscle fibers other than these 4 fibers 13) . The muscle fibers (1, 2A, 2X, 2B) cannot be clearly distinguished. In the 1980s, these fibers were distinguished on the basis of their ATPase reaction profile. More recently, immunohistochemical studies have revealed that types 1, 2A, 2X, and 2B fibers mainly contain myosin heavy chain (MyHC) 1, 2A, 2X, and 2B, respectively. Myh7, Myh2, Myh1 and Myh4 are genes encoding MyHC1, 2A, 2X, and 2B, respectively. On the other hand, many researchers have noted that there are many hybrid fibers (one muscle fiber contains different MyHCs) in normal skeletal muscles, especially during the adaptation process such as in the muscle training period. The MyHC genes and their location, along with the corresponding proteins and expresssion patterns are shown in Fig. 1 , which summarizes several reports [13] [14] [15] [16] . 
Transcriptional regulation of MyHC
Calcium-NFAT/MEF2 and calcium-CaMK/MEF2 signaling. Elevation in cytosolic calcium concentration, induced by muscle contractile activity or drug treatment, leads to a fast-to-slow fiber transformation 17, 18) . In 1997, Chin et al. found that calcineurin and nuclear factor of activated T cells (NFAT) were involved in the fast-to-slow fiber transformation 19) . Activated calcineurin dephosphorylates NFAT, which then translocates into nuclei to induce slow-fiber-specific gene transcription in vivo [19] [20] [21] [22] (Fig.  2A) .
Activated calcineurin also dephosphorylates intranuclear myocyte enhancer factor 2 (MEF2) 23, 24) . In vivo studies revealed that MEF2 is important for the expression of genes associated with the slow fiber type [23] [24] [25] . MEF2 also interacts with the myogenic basic helix-loop-helix (bHLH) muscle regulatory factor MyoD 26) , which regulates the transcription of myogenic genes. By using a C2C12 myotube treated with calcium ionophore, Meissner et al. showed that a complex of NFATc1, MyoD, MEF2D, and coactivator p300 cooperate in up-regulating the slow myosin promoter in a calcineurin-dependent manner 25) (Fig.  2B) .
The Ca2+/calmodulin-dependent kinase (CaMK) pathway is a major signal transduction pathway involved in the fast-to-slow fiber type transformation 27, 28) . Liu et al. showed that calcium-activated CaMK can phosphorylate members of the class II histone deacetylase protein (HDAC) family 29) . Because nuclear MEF2 is inactivated by dephosphorylated class II HDAC 30) , activated CaMK leads to higher transcriptional activity of MEF2. As a result, fast-to-slow transformation occurs (Fig. 3) .
Although both of these two signaling pathways (Ca2+/ calcineurin/NFAT and Ca2+/CaMK) play a role in fast-toslow fiber conversion, the mutual relationships and overall molecular mechanisms are still not clear. For example, Sworp et al. showed that injection of activated calcineurin or NFAT2 expression plasmid into adult muscle fibers did not activate reporter gene for slow myosin light chain 31) . Endurance training successfully induced 2B to 2A fiber transformation in CaMKIV deficient mice 32) . These results might suggest that coordination of these two pathways is required to accomplish a complete slow-to-fast fiber type transformation, as shown by Mu et al. 28) .
AMPK signaling. Drastic and persistent reduction of the free [ATP]/[ADP] ratio has been reported as a significant signal for the initiation of fast-to-slow fiber transformation 33) . Since an increase in 5'-AMP-activated protein kinase (AMPK) activity increases lower energy states, activation of AMPK is suggested to trigger fast-to-slow transformation. 5-aminoimidazole-4-carboxamide-ribonucleoside (AICAR) is used as an AMPK agonist, and several studies have found that chronic administration of AICAR induces fast-to-slow fiber type transition 34) and These figures are modified from [13] [14] [15] [16] .
patterns are shown in Fig. 1 , which summarizes several reports (13, 14, 15, 16) . oxidative properties [35] [36] [37] [38] [39] , like the adaptation induced by endurance exercise. Oxidative adaptation, such as mitochondria proliferation, frequently coincides with fast-toslow fiber transformation.
AMPK is also activated in response to muscle contractions. Regular endurance exercise induces AMPK activation concomitant with fast-to-slow fiber transformation. This training-induced fiber shift was reduced in transgenic mice expressing a muscle-specific AMPKα2 inactivate subunit 40) . Several factors are reported important for the control of oxidative adaptation. PGC-1α has been reported to activate mitochondrial biogenesis, oxidative metabolism [41] [42] [43] [44] and fast-to-slow transformation 45 ,46)*1 . Exercise induced activation of PGC-1α is associated with AMPK and p38 MAPK activation 47, 48) . PGC-1α gene transcription in muscle is also increased by AICAR 34) . Furthermore, AMPK directly binds to and activates PGC-1α in muscle 49) . Leick et al. showed that AICAR-induced mitochondrial and glucose transport protein expressions are mediated by PGC-1α 50) . Once PGC-1α is activated, it specifically interacts with a variety of transcription factors, such as PPAR-α and PPARγ, to promote oxidative and fast-to-slow fiber type switching genes 51, 52) . PGC-1α also co-activates calcineurin pathways and up-regulates transcription of MEF2 proteins 41) . Taken together, these data suggest that AMPK induces oxidative properties and fiber type transition via, at least in part, PGC-1α (Fig. 4) .
calcineurin-dependent manner (25) (Fig. 2B) . . NFAT : Nuclear factor of activated T-cells, p-NFAT: phosphorylated NFAT, MEF: myocyte specific enhancer factor
The Ca2+/calmodulin-dependent kinase (CaMK) pathway is a major signal transduction pathway involved in the fast-to-slow fiber type transformation (27, 28 (29) . Because nuclear MEF2 is inactivated by dephosphorylated class II HDAC (30) , activated CaMK leads to higher transcriptional activity of MEF2. As a result, fast-to-slow transformation occurs (Fig. 3) . Sirtuin-1 (Sirt-1) is a member of the class III histo
Acetylation is the addition of an acetyl group on lysine resid Sirtuin-1 (Sirt-1) is a member of the class III histone deacetylases (HDACs). Acetylation is the addition of an acetyl group on lysine residues present in proteins, and is mediated by histone acetyl transferases (HATs) 53, 54) . Conversely, HDACs regulate removal of the acetyl groups. Fasting and exercise activate and/or increase Sirt-1 in skeletal muscle 54, 55) . Activated Sirt-1 deacetylates and, in turn, activates PGC-1α, leading to a subsequent increase of mitochondrial and fatty acid oxidation genes 54, 56) . Suwa et al. also showed that AICAR treatment increases the Sirt-1 protein level in rat extensor digitorum longus muscle 57) . Although these lines of evidences suggest that Sirt-1 plays a role in elevating oxidative properties and fast-to-slow fiber switching, controversial results have been raised by many researchers, especially in exercise adaptation [58] [59] [60] .
miRNA and anti-sense RNA regulation of MHC mRNA expression. MicroRNAs (miRNAs) are small, conserved, noncoding RNA molecules that post-transcriptionally control protein expression. miRNAs silence gene expression by binding to the 3'-untranslated region (3'UTR) of target proteins. Muscle specific miRNAs (miR-1, -133, -206, -208, and -499) have been discovered and are designated as myomiRs 61, 62) . In particular, miR-208b and miR-499 are functionally redundant, and play a role in the specification of muscle fiber identity by activating slow myofiber genes and repressing fast ones, via Sox6 and Purb 63, 64) ( Fig. 5) .
Muscle MyHC genes are clustered ( Fig. 1 ) and switching of gene isoforms appears to proceed in the order 2B→2X→2A 4, 5) . Thus, coordination of the expression of these genes is likely to be tightly regulated. Baldwin's group showed that an intergenic bidirectional promoter simultaneously promoted both the sense expression of one MHC transcript and the anti-sense expression of an adjacent MHC transcript. The anti-sense transcript decreased sense transcript expression 15, 65, 66) (Fig. 6 ).
Possible impact of nutrition on muscle fiber type composition
Although there is evidence for a relationship between nutritional stimuli and muscle fiber type transformation, only a few papers describing this association have been published. Furthermore, the direct relationship between nutritional intervention and signaling molecules for fiber type transformation, such as a nutritional element binding directly with a signaling molecule, has not been demonstrated.
Calorie restriction. Calorie restriction (CR) has recently received much attention because this simple intervention consistently increases life-span and protects against various deleterious states, including cardiovascular diseases, cancer and diabetes 67) . On the other hand, drastic and persistent reduction of the [ATP]/[ADP] ratio is a strong signal for initiating fast-to-slow fiber transformation 33) . It is obvious that CR induces muscle atrophy because nutritional stimulus and supply for muscle production is low. Under such catabolic conditions, muscle protein synthesis is down-regulated via the activity of the mTOR complex and it leads to muscle atrophy, regardless of the fiber type 68) . In addition to this fundamental idea, low energy states like CR lead to both higher oxidative properties, mitochondrial proliferation, and muscle fiber type changes, probably via AMPK activation 69) . Skeletal muscle mitochondria progressively become dysfunctional during the aging process, that is one of the causes for aging-related muscle atrophy (sarcopenia) 70, 71) . Age-related abnormalities in mitochondria are attenuated by about 30 -40% CR in rat 72) and rhesus monkey 73) skeletal muscles. A progressive decrease in type II fiber cross-sectional area in skeletal muscle is observed with aging, and a CR treatment delays such changes in rhesus monkeys. Furthermore, the type I fiber cross-sectional area tended to increase as a result of 40% CR in monkeys 73) . Aspnes et al. observed that the age-related decline of type I muscle fibers was attenuated by 50% CR in rat vastus lateralis 74) . CR also induced a higher percentage of oxidative fibers in mammalian muscles 75, 76) . These results suggest that more than 40% CR induces high oxidative capacity and fast-to-slow fiber transformation.
Despite these observations, contradictory reports have been published. Gondret et al. showed that a 70% CR diet had no effect on fiber types and oxidative enzyme activity in rabbit skeletal muscles 77) . They also showed that the activity of acetyl-CoA carboxylase and its upstream activator AMPK were not altered by CR. Further investigations are required to determine whether CR can induce fiber type change via AMPK activation.
Polyphenols. Polyphenols are chemical compounds characterized by multiple phenolic hydroxyl groups. Numerous studies suggest that dietary polyphenols lower risk factors that lead to cancer, metabolic syndrome, and other diseases [78] [79] [80] . In addition, it has been reported that dietary polyphenols induce oxidative properties, such as mitochondrial proliferation, via AMPK, into skeletal muscle.
Dietary intake of resveratrol, which is the major polyphenol found in red wine, induces a decrease in PGC-1α acetylation, and an increase in PGC-1α activity, in mice 81) . The treated mice showed an increase in aerobic capacity, running time to exhaustion, and oxygen consumption of muscle fibers. Resveratrol treatment also stimulates glucose uptake in mouse skeletal muscle. This phenomenon was abolished by Sirt1 and AMPK inhibitors 82) . Resveratrol-treated C2C12 cells showed a higher glucose uptake, which was dependent on AMPK activation 82, 83) . These results suggest that resveratrol induces higher glucose uptake and increases aerobic capacity and oxidative capacities via Sirt-1, AMPK, and PGC-1α.
Polyphenols, other than resveratrol, have similar effects. Treatment with ethanol-extracts of Artemisia princeps (APE) induced AMPK phosphorylation; whereas its effects were attenuated in the presence of PI3K inhibitors, suggesting that PI3K and AMPK play a role in this phenomenon 84) . Naringenin, a flavonoid found in grapefruit, also induces higher glucose uptake in myoblasts via AMPK activation 85) . We also found that 4 weeks of treatment with dietary apple polyphenols induced significantly higher PPARα and PPARδ expression in rat gastrocnemius muscle, suggesting that oxidative properties were enhanced by dietary polyphenols 8) . We recently found that dietary apple polyphenol also induced higher levels of phosphorylated AMPK, phosphorylated acetyl-CoA, and type 2X MyHC in rat gastrocnemius muscle (Tsutaki et al. personal observation).
The contribution of Sirt-1 to this phenomenon is now under debate. A Sirt1 inhibitor did not affect naringenininduced AMPK phosphorylation, suggesting that the process occurs independently of Sirt1. Although Sirt-1 reportedly interacts with and deacetylates AMPK, not all the activation of AMPK by polyphenols may be related to Sirt-1 activity. Recently, several reports have suggested that these potential Sirt-1 activators, including resveratrol, appear to target AMPK directly 86, 87) (Fig. 7) .
High-fat diet. Human studies have shown that a highfat (high-energy) diet results in elevated levels of triglyceride, obesity, and eventually, the metabolic syndrome, which is often characterized by insulin resistance 88) . High concentrations of free fatty acids in the serum also elevates the fat concentration in skeletal muscle (intramyocellular lipids) leading to increased lipid metabolism, and this results in increased intramuscular acetyl-CoA and citrate content 89, 90) . This, in turn, inhibits glucose metabolism and impairs insulin signaling 90) . These results indicate that a high-fat diet alters the oxidative properties of skeletal muscle.
Wilde et al. examined the effect of a high-fat (45 kcal%) palm oil diet on mouse skeletal muscle. Using genomewide transcriptomics with protein and lipid analysis, they found that a 3-day high-fat intervention resulted in that the species-specific differences exist because the miniature Ossabaw swine model, but not rodent model, recapitulates many of the findings of obese human studies. Another issue is the duration of the studies. The studies in humans and swine looked more at the chronic effects of a high-fat diet, compared to rodent studies. It will be important to examine whether the acute response, observed in the high-fat diet in swine and humans, is similar to the phenomenon observed in rodent studies (Fig. 8) .
High protein diet. Relatively high-protein diets (20 to 30% of total energy) increase energy expenditure (EE) in humans [96] [97] [98] . This is thought to be due to the high ATP cost for peptide bond synthesis, urea production and gluconeogenesis 97, 99) . Furthermore, a high-protein diet increases fat oxidation and induces weight loss, regardless of the carbohydrate concentration 100) . Because fat-free mass is regarded as one of the main factors accounting for the increase in resting metabolism and EE 101) , a high-protein diet may modulate skeletal muscle properties, such as muscle mass and oxidative properties.
A high-protein diet is also considered to either promote muscle hypertrophy or prevent muscle atrophy because proteins and/or amino acids (particularly leucine) stimulate the mTOR complex and up-regulate protein synthesis in skeletal muscles 102) . In a 21-day unloaded treatment (hind limb suspension) in rats, Taillandier et al. showed that a high-protein diet (30% of total energy) did not prevent muscle atrophy, but preserved fiber type distribution, i.e., prevented transformation from slow-to-fast twitch fibers in rat soleus muscles 103) . We also found that 4 weeks of a 35% protein diet induced higher succinate dehydrogenase activity and a fast-to-slow fiber transformation in rat gastrocnemius muscles, concomitant with higher PGC-1α protein content 9) . In this study, we also found that averaged muscle masses were almost similar between the normal-protein and high-protein diet groups. Although further investigation is required, we speculate that a higha higher level of transcripts for genes involved in muscle contraction and fatty acid catabolism. After 28 days of the diet intervention, they found that protein levels of slow MyHC, PGC-1α and oxidative phosphorylation subunit proteins increased in mice quadriceps 7) . Turner et al. also found that mice fed with a high-fat diet (45 kcal%) for 5 to 20 weeks showed higher lipid oxidative capacity, protein content of PGC-1α, uncoupling protein (UCP) and oxidative phosphorylation subunit proteins 91) . These results suggest that a high-fat diet promotes oxidative capacity and fast-to-slow MHC transformation in skeletal muscle via the PGC-1α related signaling pathway.
Several studies have examined the associations between skeletal muscle fiber type and obesity. These reports show that obese subjects possess a higher percentage of type II fibers in comparison with their lean counterparts [92] [93] [94] . In addition, a 12-month weight loss intervention (gastric bypass surgery) for obese subjects revealed significant positive relationships between the relative percentage of type I muscle fibers and the decreased rate of BMI or body mass. These results suggest that, in contrast to the above rodent studies, high-energy states induce a higher content of type II muscle fibers.
Miniature Ossabaw swine have a "thrifty genotype", which predisposes them to diet-induced obesity; this makes them a suitable animal model for studying the metabolic syndrome 95) . Clark et al. found that a 24-week high-fat/cholesterol/fructose (designated as DMetS) diet significantly increased the cross-sectional area of muscle fibers. They also found that animals fed the DMetS diet had significantly lower MyHC1 mRNA. The protein content of type 1 fiber in DMetS also tended to be lower, although this did not reach statistical significance. The results obtained in the swine model are well correlated with cross-sectional studies in obesity and muscle fiber type in humans.
Taken together, there are at least 2 possible mechanisms for the effects of high-fat diets. One mechanism suggests findings of obese human studies. Another issue is the duration of the studies. The studies in humans and swine looked more at the chronic effects of a high-fat diet, compared to rodent studies. It will be important to examine whether the acute response, observed in the high-fat diet in swine and humans, is similar to the phenomenon observed in rodent studies (Fig. 7) . protein diet induces higher oxidative properties and fastto-slow transformation in skeletal muscles. Furthermore, the relationships between EE and skeletal muscle properties, under a high-protein diet, should be investigated.
Concluding remarks
As briefly seen in this review, nutritional stimulation has a possibility to modulate fiber types in skeletal muscles. It is important to note that all nutritional stimuli shown here increase oxidative properties and drive fastto-slow fiber transformation. Recently, Mizushige et al. found that Alaska Pollack protein (APP), which is abundant in fast-twitch muscles, induced higher gastrocnemius mass in Sprague Dawley rats 104) . Since the gastrocnemius muscles predominantly contain fast twitch fibers, and a similar phenomenon was not observed in slow-twitch soleus muscle, they suggested that APP has an effect on fast-twitch muscle hypertrophy. We can speculate that there are some nutritional stimuli that induce the slow-tofast conversion.
Another important point is that all nutritional stimuli shown here seem to activate the AMPK-related signaling pathway. We could not find a report showing that the Ca2+/CaM and Ca2+/calcineurin pathways are affected by nutritional intervention. Although the intracellular calcium concentration is known to be affected by muscle contraction, and Ca2+/CaM and Ca2+/calcineurin pathways play a role in fast-to-slow transformation, calcium concentration may not be altered by a nutritional environment.
Although further evidence for nutritional modulation of muscle fiber type is required, we believe that nutritional intervention will be a useful way to control muscle fiber type switching. Such an approach could be adopted by athletes as a means of conditioning.
